INTRODUCTION
Products that block HIV sexual transmission are urgently needed. A 1% tenofovir gel applied before and after intercourse significantly reduced HIV and HSV-2 (herpes simplex virus 2) acquisition in women (1) , indicating the potential for topical microbicides to curb the AIDS pandemic. In contrast, the 1% tenofovir gel arm of the VOICE (Vaginal and Oral Interventions to Control the Epidemic) trial, which used a daily dosing regimen, was dropped after interim data analysis showed that the gel was ineffective. The reasons for these different outcomes are unclear, but the discrepancies underscore the need for continued research into HIV prevention products.
Adherence remains a critical bottleneck to the success of microbicides (1) (2) (3) (4) . Intravaginal rings (IVRs) represent a sustained-release approach to microbicide delivery. They are well tolerated by women, are efficacious for contraception (5) and hormone replacement therapy (6) , and have been associated with improved adherence over other drug delivery systems (7, 8) . IVR technology is well suited to the delivery of small molecules like the hydrophilic nucleoside reverse transcriptase inhibitors and the hydrophobic non-nucleoside reverse transcriptase inhibitors (NNRTIs) (9) (10) (11) . Recent advances in microbicide IVRs have led to their ability to release multiple active pharmaceutical ingredients (APIs) targeting HIV and other sexually transmitted infections (STIs) (6, (10) (11) (12) (13) .
We previously reported that repeated application of a carrageenan gel containing the potent NNRTI MIV-150 (Fig. 1A , not used in first-line HIV therapies) provided partial protection against vaginal SHIV-RT (simian/HIV reverse transcriptase) transmission in macaques when the last dose was given 8 hours before challenge (14) . Protection was lost when the last dose was applied 24 hours before challenge; however, the addition of zinc acetate boosted the gel's protective potential to 89% (P < 0.0002) (14) . We aim to develop IVRs as an alternative delivery platform for this promising API combination. Needing to first demonstrate the activity of MIV-150 delivered from IVRs, we hypothesized that IVRs would provide sustained release of MIV-150 in vivo and improve protection compared to MIV-150 gels. To that end, in this study, we developed silicone and ethylene vinyl acetate (EVA) MIV-150 IVRs. Both IVRs released MIV-150 in vitro and in vivo, with EVA IVRs significantly protecting macaques from SHIV-RT infection. Our findings demonstrate that MIV-150-releasing IVRs can protect against immunodeficiency virus challenge and support the development of IVRs that release MIV-150 and zinc acetate to prevent HIV and other STIs.
RESULTS
Silicone IVRs release active MIV-150 and provide partial protection against vaginal SHIV-RT infection Silicone matrix IVRs were formulated with 50 mg of MIV-150 (Fig. 1B) , and in vitro MIV-150 release was evaluated with the nonionic surfactant Solutol (0.05 weight percent) in 100 ml of 25 mM sodium acetate buffer (pH 4.2) (SNaC buffer) as the release medium (15) . Daily release ranged from 111 to 33 mg/day, averaging 54 mg/day with a day 15 median of 45 mg/day (Fig. 2A) . The cumulative amount of MIV-150 released at 29 days was 1410 mg (mean of the area under the curve of the MIV-150 release curves) or 2.8% of the loading dose (Fig. 2B) . The cumulative percentage of MIV-150 released (Q) over time exhibited partitioncontrolled kinetics of Q a time 0.90 (Fig. 2B) . The IC 50 (median inhibitory concentration) value of MIV-150 released into SNaC buffer on day 1 was 2.7 nM (Table 1) , whereas MIV-150 released into aqueous ethanol on day 1 ( fig. S1 ) had an IC 50 value of 0.60 nM (Table 1) . Thus, ring formulation conditions did not affect MIV-150's activity.
To characterize in vivo release, we quantified MIV-150 in plasma, vaginal swabs, and vaginal and cervical tissues of Depo-Provera (depo)-treated macaques that received silicone IVRs (table S1) for 4 weeks. MIV-150 was below the limit of detection in the plasma 14 and 28 days after IVR insertion [radioimmunoassay (RIA) lower limit of quantification (LLQ) was 1 ng/ml (2.7 nM)] (16) (Fig. 3A) . Similar MIV-150 levels (mean ± SEM) were detected in vaginal swabs 14 days (28.5 ± 8.5 ng/ml, 77.0 nM) and 28 days after insertion (22.9 ± 5.6 ng/ml, 61.8 nM) (Fig. 3A) , which was >60 times the IC 50 . MIV-150 was detected in cervical (0.027 ± 0.006 ng/mg wet tissue) and vaginal (0.008 ± 0.004 ng/mg) biopsies 14 days after insertion, increasing significantly by 28 days (cervix, 0.169 ± 0.089 ng/mg; vagina, 0.038 ± 0.009 ng/mg) (Fig. 3B ). More MIV-150 was detected in the cervix than in the vagina (significant only 14 days after insertion). MIV-150 released in vivo was active in vitro. Vaginal swabs collected 2 to 4 weeks after insertion had a mean ± SD IC 50 value of 0.40 ± 0.26 nM (Fig. 3C) .
Because silicone IVRs released MIV-150 in vivo, we evaluated their ability to protect macaques from SHIV-RT. IVRs were present in the vagina for 2 weeks before vaginal challenge (inserted 3 weeks after depo) and 2 weeks after (table S2) . Silicone IVRs reduced infection frequency to 29% (two of seven; 58% reduction in infection compared to three of five infected in the placebo IVR group) (Fig. 3D) . This was not statistically significant (P = 0.55, Fisher's exact test) because of the small number of animals tested. Virus in both infected macaques peaked 3 weeks after infection before declining to a variable set point (Fig. 3E) . Two placebo animals experienced normal viremia that peaked 2 weeks after infection and declined to a set point; the third had high viremia at week 3 but no detectable virus at every other time point (Fig. 3E and table S2 ). There was no difference in average viremia between infected animals that received placebo or MIV-150 IVRs (Fig. 3F) . Plasma viral RNA from infected animals at peak viremia showed none of the 10 most frequent NNRTI-associated resistance mutations (table S3) . Only infected animals seroconverted except for the placebo macaque with a single viremic time point (table S2) .
MIV-150 release in vitro is improved from EVA-40 IVRs
As an alternative delivery vehicle, we explored EVA IVRs loaded with MIV-150 (Fig. 1B) . EVA is commonly used for clinical devices and the only thermoplastic used clinically for an IVR (6, 17) . We prepared EVA-40 IVRs (40% vinyl acetate content) (Fig. 1B) loaded with 50 mg (for comparison with silicone) or 100 mg (to maximize drug release) of MIV-150. Daily release (in the SNaC buffer) for the 50-mg IVRs ranged from 238 to 130 mg/day, averaging 163 mg/day with a day 14 median of 151 mg/day, and for the 100-mg IVRs ranged from 251 to 162 mg/day, averaging 195 mg/day with a day 14 median of 176 mg/day (Fig. 4A) . The cumulative amounts of MIV-150 released at 28 days from the 50-and 100-mg EVA-40 IVR were 4370 mg, or 8.7% of the loading dose, and 5285 mg, or 5.3% of the loading dose, respectively (Fig. 4B ). The 50-and 100-mg IVRs exhibited partition-controlled release kinetics of Q a time 1.04 and Q a time 1.08 , respectively (Fig. 4B) . The in vitro antiviral activity of MIV-150 released from 100-mg EVA-40 IVRs into SNaC buffer and aqueous ethanol (Table 1) confirmed that IVR processing conditions did not affect MIV-150's activity. The IC 50 value for MIV-150 released into SNaC buffer was 2.8 and 0.5 nM for release into aqueous ethanol (Table 1) .
Active MIV-150 is released from EVA-40 IVRs in vivo We initially hypothesized that having IVRs in place for 2 weeks before challenge would increase MIV-150 levels in target tissues and enhance protection. However, if drug levels at the time of virus exposure were important, then IVRs might be even more effective if macaques were challenged 24 hours after the ring was inserted (see Fig. 4A ). Therefore, we investigated the temporal relationship between in vitro-release kinetics and MIV-150 levels in tissues and fluids in vivo. Mimicking a scenario in which macaques would be challenged either 2 weeks or 24 hours after insertion and to maintain 5 weeks between depo treatment and challenge [for optimal transmission in the control group (14, 18)], we varied the time of IVR insertion relative to depo (table S1). MIV-150 IVRs (100 mg) were inserted either 3 weeks after depo (for challenge 2 weeks after insertion) or 5 weeks after depo (for challenge 24 hours after insertion). Plasma MIV-150 levels were below the RIA LLQ at all time points (Fig. 5A) . Vaginal swabs and vaginal and cervical biopsies contained MIV-150 (Fig. 5, A and B) . In the swabs, MIV-150 concentrations fluctuated over time, ranging from 17.1 to 78.5 times the IC 50 in the 3-week post-depo group and from 54.1 to 97.1 times the *200 ml at 37°C for 1 day. † 100 ml at 37°C for 1 day. IC 50 in the 5-week post-depo group. Although there were no significant differences over time or between the groups, more MIV-150 was detected in the swabs of the 5-week post-depo group than in those of the 3-week post-depo group 14 days after insertion (P = 0.0524) (Fig. 5A ). MIV-150 levels in swabs from macaques that received 100-mg MIV-150 EVA-40 IVRs 3 weeks after depo were comparable to those from macaques that received 50-mg MIV-150 silicone IVRs 3 weeks after depo (14 days, P = 0.0798; 28 days, P = 0.0512). MIV-150 levels in cervical and vaginal tissues increased significantly over time in macaques that received IVRs 5 weeks after depo but not in animals that received IVRs 3 weeks after depo (cervix, P = 0.4286; vagina, P = 0.3290) (Fig. 5B ). There was no difference in the amount of drug detected in the cervix and vagina in either group at any time point (5 weeks after depo: 1 day, P = 0.1320; 14 days, P = 0.3095; 3 weeks after depo: 14 days, P = 1.000; 28 days, P = 0.9166). However, animals that received IVRs 5 weeks after depo had significantly more MIV-150 in vaginal (but not cervical, P = 0.0823) tissues 14 days after insertion than those that received IVRs 3 weeks after depo. The concentration of MIV-150 found in the mucosal tissues was higher on the day corresponding to the day of challenge in animals receiving 100-mg MIV-150 EVA-40 IVRs (0.10 ng/mg in vagina, 0.09 ng/mg in cervix) than in those receiving 50-mg MIV-150 silicone IVRs (0.008 ng/mg in vagina, 0.03 ng/mg in cervix) [P = 0.0047 (vagina) and P = 0.045 (cervix) 14 days after insertion of EVA versus silicone IVRs 3 weeks after depo; P = 0.0047 (vagina) and P = 0.0245 (cervix) 1 day after insertion of EVA IVR versus 14 days after insertion of silicone IVR]. MIV-150 in the swabs from animals carrying EVA-40 IVRs collected 1 to 24 hours after insertion had potent antiviral activity (Fig. 5C) , with a mean ± SD IC 50 value of 0.37 ± 0.12 nM.
R E S E A R C H A R T I C L E

MIV-150 EVA-40 IVRs provide significant protection against SHIV-RT
We next tested the ability of 100-mg MIV-150 EVA-40 IVRs to protect macaques from SHIV-RT infection. IVRs were inserted either 2 weeks or 24 hours before challenge and either left in place for 2 weeks after challenge or removed immediately before challenge (table S4). In the placebo EVA-40 IVR group, 8 of 11 macaques became infected (72.7%), equivalent to the placebo silicone IVR group (P = 1.0000, Fisher's exact test). Controls were pooled to increase our power to detect protection, yielding 11 of 16 animals infected (68.8%) (Fig. 6 ). In the EVA-40 IVR groups that were challenged 2 weeks or 24 hours after insertion and had their IVRs in place for 2 weeks after challenge (2 weeks/2 weeks or 24 hours/2 weeks), only one of nine (11.1%) and one of eight (12.5%) animals became infected, respectively (Fig.  6 , A and C). Protection provided by MIV-150 EVA-40 IVRs against SHIV-RT was significant compared to placebo IVRs in both the 2 weeks/2 weeks (84%) and the 24 hours/2 weeks (82%) groups (Fig.  6A) . When MIV-150 EVA-40 IVRs were inserted 24 hours before and removed immediately before challenge (24 hours/0 week), the infection frequency was similar to the placebo group (four of seven, 57.1%; P = 0.6570) (Fig. 6A) . Focusing on the impact of post-challenge IVR exposure (pooling the 2 weeks/2 weeks and 24 hours/2 weeks groups, 2 of 17 infected), we found that protection was significant compared to the pooled placebo (83%) and the 24 hours/0 week groups (79%) (Fig. 6B ). Potential differences in viremia among animals that became infected in the presence of EVA-40 IVRs could not be addressed due to the small number of animals (Fig. 6, C and D) ; however, viremia in these animals was within the range previously observed for vaginal challenge with this virus (14, 19) . Viral RNA isolated at peak viremia carried wild-type RT gene sequences (table S5). All but one (DA69) infected animals and no uninfected animals seroconverted (table S4) .
DISCUSSION
This study presents evidence that MIV-150 IVRs can significantly protect macaques against SHIV-RT infection. MIV-150 silicone (50 mg) and MIV-150 EVA-40 IVRs (100 mg) both reduced infection frequency. The data suggest that EVA-40 IVRs released more MIV-150 in vitro than did silicone IVRs and protected better in vivo (although the latter may have been hampered by the small number of animals studied).
Use of nonsink conditions for in vitro release of hydrophobic HIV inhibitors from polyurethane IVRs has been shown to correlate better with in vivo-release profiles in macaques and rabbits (20, 21) , whereas sink conditions correlated better with in vivo results in a silicone IVR study in HIV-negative women (22) . At all time points, in vitro-released MIV-150 levels were >859 times the IC 50 against HIV ADA , HIV MN , and SHIV-RT (19, 23) . The cumulative release profiles for all three MIV-150 IVRs in the SNaC buffer exhibited partition-controlled kinetics [typical of nonsink conditions (24)] of Q a time, where Q is the cumulative percentage of MIV-150 released. Q for the 50-mg silicone, 50-mg EVA, and 100-mg EVA IVRs was 2.8, 8.7, and 5.3%, respectively. The larger Q for the 50-mg EVA IVR versus the 100-mg EVA IVR can be due to attenuated MIV-150 release from both rings under nonsink conditions, which results in similar amounts of MIV-150 being released from both rings despite the difference in initial loading (15, 20) . Cumulative MIV-150 release in the SNaC buffer was significantly greater from EVA-40 IVRs (P = 0.0001, paired t test) compared to silicone. Overall, this paralleled the larger amounts of MIV-150 detected in the fluids and tissues of animals receiving the EVA-40 IVRs than the silicone IVRs. These differences could be due to differential solubility of MIV-150 in the IVRs. From DSC (differential scanning calorimetry) of formulated ring segments and in vitro-release studies with micronized MIV-150, we know that MIV-150 is insoluble in silicone. MIV-150 was partially soluble in EVA-40 as indicated by DSC. However, because we used a solvent casting method to formulate the EVA IVRs, it is possible that the residual solvent remaining in the IVRs afforded soluble MIV-150 in the IVR. Silicone IVRs weighed, on average, 3.2% more after the 29-day in vitro-release study than before, whereas the EVA IVRs weighed 0.4% less. These data could indicate that the residual solvent remaining in the EVA IVRs was eluted during the release study, and support the notion that MIV-150 was at least partially soluble in the EVA IVR. The virus inoculum used in this study [10 3 TCID 50 (median tissue culture infectious dose)] infected~69% of animals receiving placebo IVRs, paralleling the 64% transmission rate in controls from previous vaginal gel studies (14, 19) . Challenging depo-treated animals in this single high-dose challenge model provided a rigorous test of MIV-150 IVR efficacy and also allowed us to demonstrate that insertion of the IVRs for 4 weeks resulted in no adverse effects that could promote infection (25) . Many other microbicide studies use the repeated lowdose challenge model (~10 TCID 50 per challenge) in cycling macaques because it more closely resembles human exposure; infection frequency per challenge in controls for these studies is only 8 to 33% (26) (27) (28) (29) (30) . We believe that the setting of heightened susceptibility to infection in this proof-of-concept study asked more of the product because it had to prevent infection with an inoculum that results in a~69% infection frequency per challenge. Moreover, depo normalizes the discrepancy in infection susceptibility between the follicular and the luteal phases of the menstrual cycle, which can affect efficacy studies (31) .
Similar amounts of MIV-150 were found in fluids of macaques that received silicone and EVA-40 IVRs, even though EVA-40 IVRs were loaded with and released more MIV-150 in vitro and provided greater protection. However, significantly more MIV-150 was detected in the sampled tissues of animals that received EVA-40 than silicone IVRs on the day of challenge. These results suggest that mucosal tissue levels of MIV-150 (~0.1 ng/mg) on the day of challenge predicted efficacy. Alternatively, MIV-150 concentrations may have been somewhat different between the silicone and the EVA-40 studies in the depth of tissue penetration or the location within the tissue (such as penetration boundary at the lumen compared with the lamina propria), but this could not be addressed herein. Although a previous study of the partially protective MIV-150 gel demonstrated comparable levels of MIV-150 in the tissues to those observed here with EVA-40 IVRs (14), it is impossible to directly compare the two regimens given the different drug delivery methods. Future studies are needed to dissect the relationship between drug release, absorption, and protection by IVRs and gels.
MIV-150 EVA-40 IVRs protected only when they were present after challenge. Had we been able to include a group receiving IVRs 5 weeks (32, 33) , differences in absorption are attributable to the timing of IVR insertion relative to depo treatment. CVF volume is decreased and viscosity increased under depo (34) , which may affect longitudinal drug transport in the vagina (33) . Tissue drug levels on the day of challenge were similar for both EVA-40 groups, but the levels at the time corresponding to 2 weeks after challenge were markedly increased in 5-week post-depo animals in accordance with reports of thinner vaginal epithelia at this time point (18) . However, we do not know what the MIV-150 levels in the mucosal tissues would be in the absence of depo. In a macaque pharmacokinetic (PK) study on silicone IVRs releasing one of the CCR5 inhibitors maraviroc or CMPD167, depo affected in vivo distribution of the drugs, reducing CVF and tissue drug levels while increasing systemic levels (12) . We also cannot rule out that the increased tissue MIV-150 levels we observed 14 days after insertion in animals that received IVRs 5 weeks after depo were due to depo-induced drug accumulation. Had we biopsied animals in the 3-week post-depo group at 1 day after insertion, the levels may have been correspondingly lower. These data underscore the importance of tissue MIV-150 concentration on the day of challenge as well as post-challenge drug exposure. They also highlight that MIV-150 levels in vaginal swabs did not correlate with protection, perhaps because they were not normalized for the amount of CVF in each swab. These data differ from that seen in the CAPRISA-004 trial, where post hoc analysis of tenofovir levels in undiluted CVF indicated a statistically significant correlation between tenofovir concentrations in the CVF and likelihood of HIV infection (35) . It is unclear whether the tenofovir represented released drug or residual gel (a problem with many gel studies); nevertheless, the data indicate that high adherers were better protected. Furthermore, if IVR insertion at the time of challenge or in the minutes to hours after virus exposure protects, then MIV-150-containing IVRs may be valuable for both prevention and emergency post-exposure prophylaxis.
Phase 1 studies of 25-and 200-mg dapivirine silicone reservoir IVRs in healthy women (36) as well as the macaque preclinical 400-mg maraviroc/CMPD167 IVR study (11) relied on drug release and absorption to predict efficacy. In both studies, drug levels above the IC 50 were detected in CVF and tissues within hours of IVR insertion and were maintained for up to 7 days (dapivirine) or 28 days after insertion (CCR5 inhibitors) but were lower than levels measured with in vitrorelease studies (12, 37) , similar to our findings. Vaginal fluid and tissueassociated dapivirine levels were slightly higher with the lower-dose IVR. Minor differences in dapivirine levels are not unexpected because reservoir IVRs deliver APIs with zero-order kinetics in a concentrationindependent manner. These dapivirine IVRs have entered phase 3 trials despite no efficacy testing in an animal model. Although our data suggest that IVRs delivering therapeutic drug levels to the mucosal tissues should be effective, it is impossible to know what drug level is required without performing the efficacy study. Moreover, therapeutic levels in macaques may not accurately predict therapeutic levels in women, which underscores the need to examine in vivo efficacy in combination with PK. This study had several limitations. The efficacy of the MIV-150 IVR was assessed in only one of the two standard macaque challenge models. We challenge with a single high dose of SHIV-RT, whereas other groups administer multiple low doses (which we plan to do in future studies). Each model has its strengths and weaknesses. Neither has been correlated with clinical efficacy, due in part to poor participant adherence and to the limitations of any animal model. In addition, this was a proof-of-concept study using a formulation (a matrix IVR loaded with MIV-150) that will not be tested clinically. However, our results not only represent an important and necessary first step in the development of our final formulation (a combination IVR loaded with MIV-150 and another API to address efficacy and resistance issues and broaden the spectrum of activity) but also strongly support the notion that drug-loaded IVRs can block in vivo HIV infection, which has not been shown with any other IVRs to date. PK and efficacy were not evaluated in the same animals to avoid skewing infection rates and MIV-150 absorption. We were unable to detect MIV-150 in plasma using an RIA-based assay (LLQ, 1 ng/ml) and had to rely on vaginal swabs and tissue samples for PK studies. However, we are developing a liquid chromatography-mass spectrometry method to detect MIV-150 in plasma (estimated LLQ of 20 pg/ml), with which we may be able to detect plasma MIV-150 and identify a systemic correlate of protection. This will allow us to run future efficacy and PK studies in the same set of animals. Moreover, sampling plasma rather than mucosal tissue is preferred in clinical trials because it is less invasive and less expensive. Furthermore, the need to have MIV-150 exposure after challenge for efficacy in macaques precluded the use of pharmacodynamics to evaluate the protective potential of in vivo-released MIV-150. In vivo efficacy studies are required to determine whether this will be true for other IVRs in development. We did not perform true in vitro-in vivo correlation studies because we were unable to develop a reliable method to quantify the remaining MIV-150 levels in the EVA IVRs after insertion. However, it is clear that less MIV-150 was released from the rings in vivo compared to the SNaC buffer conditions in vitro, yet the levels (~0.1 mg/ng) in the tissues at the time of challenge were sufficient to significantly reduce infection (as long as the rings remained in place after challenge). Finally, we did not determine whether the presence of MIV-150 in mucosal tissues led to the emergence of drug-resistant virus in tissues. However, we did show that the presence of MIV-150-releasing IVRs did not drive the emergence of RT resistance in virus that was replicating at normal levels in the blood. This is not surprising because plasma MIV-150 was below detectable levels at all times, and earlier studies in rats showed that any absorbed MIV-150 is cleared within 12 hours (16), thereby reducing the likelihood of resistance development and drug toxicity based on systemic exposure. Although this study was limited to looking for resistance developing systemically, extensive studies are ongoing in chronically SHIV-RT-infected animals to determine whether MIV-150-containing IVRs drive the emergence of drug resistance locally.
Our results demonstrate the protective potential of MIV-150 EVA-40 IVRs, particularly when they are present after virus exposure. This study proves that sustained delivery of MIV-150 can afford significant protection against vaginal immunodeficiency virus infection.
In previous gel studies, the addition of 14 mM zinc acetate to a 50 mM MIV-150/carrageenan gel improved the level of protection above that of the MIV-150 gel alone (14) . We are developing combination IVRs that release both MIV-150 and zinc acetate to provide enhanced protection against immunodeficiency viruses and to protect against HSV-2 (38). Moreover, a combination IVR may be loaded with less MIV-150, reducing the emergence of drug-resistant viruses, minimizing toxicity, and containing the cost of the IVR. Our data support the development of microbicide IVRs that prevent HIV and other STIs.
MATERIALS AND METHODS
Matrix IVRs
IVRs had a 2-cm outer diameter and a 4-mm cross-section (Fig. 1B) . Silicone IVRs containing 50 mg of MIV-150 were prepared from MED-4211 silicone elastomer (NuSil Technology) with two-part platinum catalysis. MIV-150 was mixed with cold part A silicone. Part B silicone containing the catalyst was added, mixed until homogeneous, and de-aerated. The mixture was injected into brass molds and polymerized for 90 min at 90°C. Cooled IVRs were removed and stored dark at room temperature.
EVA-40 IVRs contained 50 or 100 mg of MIV-150. EVA-40 beads (Scientific Polymer Products) and MIV-150 were dissolved in dichloromethane (DCM) (Sigma-Aldrich) with stirring. The solution was poured into a pan, and DCM was evaporated to afford a homogeneous thin film that was frozen, ground into 4 × 4-mm fragments, melted at 93°C, and then injected into ring molds at 75 psi. Cooled IVRs were removed from molds and stored dark at room temperature.
MIV-150 in vitro release
Saturation curves over 24 hours were established for 50-mg silicone and 50-and 100-mg EVA-40 IVRs in SNaC buffer at 37°C with shaking. For extended-release studies, MIV-150 IVRs were suspended in the same buffer at 37°C with shaking. The release medium was replaced daily (except for weekends). MIV-150 content on selected time points was measured in triplicate by high-performance liquid chromatography with a 150 × 4.6-mm, 3-mm, C18 column: injection volume 100 ml, mobile phase 50% acetonitrile and 50% 200 mM ammonium acetate buffer, pH 5.0; flow rate 1 ml/min; wavelength 260 nm; column temperature 35°C. (39) . Samples diluted 1:10 were titrated threefold for a total of six dilutions and assayed in triplicate. Stock MIV-150 diluted to 3.7 to 0.0148 ng/ml (10 to 0.04 nM) was used in each experiment to control for IC 50 variations. IC 50 values were calculated with a dose-response-inhibition analysis and MIV-150 concentrations previously measured in the samples (GraphPad Prism v5.0).
Macaque treatments
Adult Chinese (silicone IVRs) and Indian (EVA-40 IVRs) rhesus macaques (Macaca mulatta) were housed at the Tulane National Primate Research Center (TNPRC). Protocols were approved by the TNPRC Animal Care and Use Committee (OLAW Assurance A4499-01), which is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC 000594). Procedures complied with the Animal Welfare Act (40), the Guide for the Care and Use of Laboratory Animals (41), and TNPRC standards for minimizing animal distress (42) . Macaques tested negative for simian type D retroviruses and simian T cell leukemia virus-1, and those challenged with SHIV-RT also tested negative for simian immunodeficiency virus (SIV). For PK, healthy SHIV-RT-infected and uninfected macaques were recycled from previous studies. Macaques were randomized to the treatment groups. Blood, swabs, and tissues were shipped from TNPRC to our laboratories in New York overnight (42) . Peripheral blood mononuclear cells (PBMCs) were isolated from EDTA blood (43) . Plasma was processed as described (44) . Vaginal swabs were collected with Weck-Cel spear sponges (Beaver Visitec). Sponges were pre-moistened in 1 ml of saline and inserted into the vaginal vault for 5 min. Upon removal, sponges were immersed in remaining saline in 15-ml conical tubes, sealed with Parafilm, and shipped cold.
Biopsies were collected from anesthetized macaques (Telazol, 8 mg/kg) in sternal recumbency with the pelvis elevated, using a speculum to visualize the vaginal vault and external cervical os. Vaginal biopsies were collected from the lateral or dorsal wall using forceps with a 3-mm × 5-mm cup. Biopsies (3 mm × 1.5 mm) of the external cervical os were collected with Burke biopsy punch forceps. Because of increased variability in the MIV-150 RIA at low weights, 20 mg was the minimum tissue weight per animal per site (16) . The average total vaginal tissue weight obtained was 94.67 mg per macaque (silicone IVRs) and 71.33 mg per macaque (EVA-40 IVRs). The average total cervical tissue weight obtained was 61.83 mg per macaque (silicone IVRs) and 71.67 mg per macaque (EVA-40 IVRs). Analgesics were administered for 2 days after biopsy.
We quantified MIV-150 in plasma, swabs, and tissues by RIA [LLQ, 1 ng/ml (2.7 nM) for fluids, 0.01 ng/mg for tissues] (14, 42, 45) .
To mimic efficacy studies, we similarly depo-treated PK animals (18) . PK study sampling is described in table S1. EDTA blood was collected 14 and 28 days after insertion in the silicone study and 30 min and 1 to 72 hours after insertion in the EVA study.
Details on the 50-mg MIV-150 silicone IVR efficacy study are in table S2. Details on the 100-mg MIV-150 EVA-40 IVR efficacy study are in table S4. Animals were challenged with 10 3 TCID 50 SHIV-RT (1.6 × 10 6 to 1.6 × 10 7 viral RNA copies) (14) and followed for 24 weeks. Before initiating efficacy studies, IVR safety and tolerability were evaluated (n = 8 silicone, n = 4 EVA-40) for 28 days. IVRs caused no distress or vaginal irritation. Analysis of all macaques that received IVRs for 28 days showed that 100% of silicone IVRs (30 of 30) and 86% of EVA-40 IVRs (19 of 22) remained in place for the entire 28 days.
Determining SHIV-RT infection Plasma viral RNA was measured by quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) for SIV gag (42) . PBMC viral DNA was detected by nested PCR for SIV gag (42) . Viral DNA in cocultures of PBMCs with CEMx174 cells was measured by quantitative PCR for SIV gag (19) . SIV-specific antibodies were detected in plasma by enzyme-linked immunosorbent assay (46) .
Statistical analyses
Statistical analyses were performed with GraphPad Prism v5.0 (47). In vitro-released MIV-150 was evaluated with Student's t test. Macaque infection frequency was analyzed with Fisher's exact test. All other analyses were performed with a two-tailed Mann-Whitney U test. Significance was defined by P < 0.05.
SUPPLEMENTARY MATERIALS
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